Two decades of investigations on maize resistance to Mediterranean corn borer (Sesamia nonagrioides Lefebvre; MCB) have shown that breeding for increased resistance to stem tunnelling by MCB often resulted in reduced yield because significant genetic correlation between both traits exists in some backgrounds. Unlike phenotypic selection, marker-assisted selection (MAS) could differentiate markers linked only to one trait from those linked simultaneously to yield potential and susceptibility to the pest. In the current study, the suitability of MAS for improving resistance to stem tunnelling without adverse effects on yield has been tested. The unfavourable genetic relationship between yield potential and susceptibility could be overcome using MAS. Gains obtained using MAS were weak, because genetic variance explained by the quantitative trait loci (QTL) was low but results encourage us to persevere in using marker information for simultaneous improvement of resistance and yield especially if genome-wide approaches are applied. Approaches to detect QTL are widely used, but studies on the suitability of markers linked to QTL for performing MAS have been mostly neglected.
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crop science, genetic markers, marker-assisted selection, plant breeding, plant resistance to insects 1 | INTRODUCTION Corn stalk borers are world-wide maize pests. Every stage of the maize plant is attacked by stem borers; however, these lepidopteran species spend most of their life cycle hidden within the stalk, feeding mostly on the pith (Cherry, Lomer, Djegui, & Schulthess, 1999) . The Mediterranean corn borer (MCB; Sesamia nonagrioides Lefebvre) belongs to the Noctuidae family of the Lepidoptera order and is the most important maize pest in the Mediterranean region (Cordero et al., 1998) . Maize attack by MCB larvae results in extensive stem tunnelling that increases lodging, early leaf senescence, interference with translocation of metabolites and, consequently, yield losses (Malvar, Butrón, Ordás, & Santiago, 2008) . Two decades of investigations on maize resistance to MCB have shown that breeding for reduced stem tunnelling by MCB often resulted in reduced yield (Butrón, Romay, Peña-Asín, Alvarez, & Malvar, 2012) . Accordingly to these results, high genetic correlation coefficients between yield potential and susceptibility as well as localization of genomic regions with opposing effects on resistance to stem tunnelling by MCB and yield have been reported (Jímenez-Galindo, Ordás, Ordas, Malvar, Santiago, & Butron, 2010) . More precisely, the genomic region 8.04 to 8.05 encloses quantitative trait loci (QTL) with additive and opposite effects on yield under infestation and resistance to stem tunnelling as well as QTL for yield mid-parent heterosis (Jímenez-Galindo et al., 2017; Ordas et al., 2010; . Within this context, as marker-assisted selection (MAS) could serve to independently manage markers linked only to one trait and those linked simultaneously to increased tunnel length and yield, MAS could be a good alternative to conventional breeding that manages all genetic variability available for a trait without distinguishing between loci with unfavourable effects on other traits. The objective of the current study was to know if MAS could be a suitable alternative to phenotypic selection for improving resistance to stem tunnelling by MCB without adverse effects on yield. In a previous study (Ordas et al., 2010) , three QTLs were found for resistance to stem tunnelling by MCB in a recombinant inbred line (RIL) population derived from the cross EP39 × EP42; QTL explained 33% of the genetic variability for resistance to stem tunnelling. Ordas et al. (2010) found QTL for tunnel length at bins 1.02, 3.05 and 8.04-8.05, but reported a co-localization of a QTL with adverse effects on yield at 8.05. In the current study, MAS done in that RIL population to fix favourable alleles for reduced tunnel length by MCB and keeping yield was compared with phenotypic selections done in the same population attending to one or both selection traits.
| MATERIALS AND METHODS
The maize breeding program and evaluations were made in Pontevedra province, in Spain. Selections were made in a set of 178 RILs obtained from (EP39 × EP42) F 2 . Four RILs that had the most favourable allelic composition for the QTL for yield performance and tunnel length based on results by Ordas et al. (2010) were chosen. In successive years, these RILs were crossed to obtain a synthetic population with a balance contribution of each inbred founder following the convergent cross method reported in Butrón, Tarrio, Revilla, Malvar, and Ordás (2003) ; the two single hybrids and the double hybrid were obtained in consecutive years. During the crossing process, favourable alleles for the single sequence repeat (SSR) markers surrounding each QTL were fixed (Table 1) . Favourable alleles were considered to be those that increase yield and those that reduce tunnel length as long as they did not have a negative effect on yield. The resulting synthetic was recombined to constitute the MAS-pop population; 150 seeds of the double hybrid were sown and random plant-to-plant crosses were made (using each plant only once as male or female) to obtain at least 50 ears. Simultaneously, the four RILs with the shortest tunnel length were chosen and subjected to the same crossing and recombination processes, and this material constituted the phenotypic selection based on tunnel length (PSB-TL). In 2012 and 2013, the MAS-pop, and PSB-TL populations and the original population (EP39 × EP42) F 2 were evaluated in a randomised block design with three replications.
As the genetic diversity is much higher in the (EP39 × EP42) F 2 population, five plots of this population were tested in each replication. Tests were carried out using two different treatments: artificial infestation with MCB eggs and natural infestation. The eggs for infestation were obtained at the Misión Biológica de Galicia by rearing the insect as described by Eizaguirre and Albajes (1992) and Khan and Saxena (1997) (Table 3) .
Adverse effects on yield when applying phenotypic selection for increased resistance to stem tunnelling by MCB agreed with results obtained in other breeding programs and give further support to the notion that tradeoffs may exist between growth and yield versus defence against herbivores (Butrón et al., 2012; Klenke, Russell, & Guthrie, 1986; Rosenthal & Dirzo, 1997) . Johnson and Dowd (2004) presented a clear example of tradeoff because the over-expression of a single gene regulator activated a defensive pathway and was sufficient to increase resistance to insects, but this activation conferred a cost in plant productivity. In the same way, Butrón, et al. (2012) showed that breeding for increased yield made plants more susceptible to stem tunnelling by MCB.
Although MAS was based on a small percentage of genetic variability for tunnel length (around 30% of genetic variability was explained by the model that includes all detected QTL) and even smaller for yield (less than 20%), the resulting population (MAS-pop) showed comparable agronomic characteristics to those of the original F 2 and a slight tendency to reduce tunnel length by MCB. In fact, yield of MAS-pop did not differ significantly from yield presented by PSB-yield and tunnel lengths of MAS-pop and PSB-TL were similar (Tables 2 and 3 ). These results validated the positions and effects of QTL for tunnel length detected by Ordas et al. (2010) and encourage us to persevere in using MAS approaches for simultaneous improvement of yield and resistance to stem borer attack, a task rarely accomplished using conventional breeding tools (Bohn, Magg, Klein, & Melchinger, 2003; Butrón, Samayoa, Santiago, & Malvar, 2014) . However, as resistance to stem tunnelling by MCB has been proved to be highly polygenic, based on many genes with small effects that could get undercover in QTL studies, more promising results are expected to be attained if MAS is rather based on genome-wide than on QTL approaches (Foiada et al., 2015; Jímenez-Galindo et al., 2017; Ordas et al., 2009; Ordas et al., 2010; Samayoa, Butron, & Malvar, 2014; Samayoa, Malvar, McMullen, & Butrón, 2015) .
The phenotypic selection based on the index in which resistance is prioritised (RILs with the highest yield among the RILs with means for tunnel length below the average mean were chosen) rendered a population (PSB-TL-yield) that did not significantly differ from the F 2 for yield and showed decreased tunnel length (Table 3) . However, the population PSB-TL-yield, like PSB-TL, presented reduced plant and ear heights compared to the F 2 (Tables 2 and 3 ). In contrast, PSB- yield-TL (RILs with the shortest tunnels among those RIL with yield above the average mean were chosen) resulted in a population that was more promising attending to the yield criteria but showed increased ear height and identical tunnel length compared to those presented by the F 2 (Table 3) . Indirect changes on ear and plant height suggested that selections for an index in which yield is prioritised could be detrimental for resistance in the medium-long term because tunnel length made by corn borers and plant height are often tightly associated (Jímenez-Galindo et al., 2017; Ordas et al., 2010; Samayoa et al., 2014 Samayoa et al., , 2015 Schön, Lee, Melchinger, Guthrie, & Woodman, 1993) . Similarly, in previous studies, indirect effects on plant and ear heights have been observed when selection for increased resistance has been performed (Butrón et al., 2012; Sandoya, Butrón, Santiago, Alvarez, & Malvar, 2010) . Butrón, et al. (2012) showed that markers potentially linked to plant height could have some effect on tunnel length under determined conditions.
We conclude that the unfavourable genetic relationship between yield potential and susceptibility to stem tunnelling by MCB could be overcome using MAS; while methodologies that indirectly affect ear and/or plant heights should be taken with caution because undesirable effects on yield or resistance could appear later. Gains obtained using MAS were weak because genetic variance explained by the QTL was low but results encourage us to persevere in using marker information for simultaneous improvement of resistance and yield especially if genome-wide approaches are applied.
